We present a simple method based on the dispersion of fluorescent quantum dots (QD) into a liquid crystal phase that provides either nanostructured material or isolated QD micelles depending on water concentration. The liquidcrystal phase was obtained by using a gallate amphiphile with a poly(ethylene glycol) chain as the polar headgroup, named I. The hydration of QD/I mixtures resulted in the formation of a composite hexagonal phase identified by small-angle X-ray scattering and by polarized light and fluorescence optical microscopy, showing a homogeneous distribution of fluorescence within hexagonal phase. This composite mesophase can be converted into isolated QD-I micelles by dilution in water. The fluorescent QD-I micelles, purified by size exclusion chromatography, are well monodisperse with a hydrodynamic diameter of 20-30 nm. Moreover, these QD do not show any nonspecific adsorption on lipid or cell membranes. By simply adjusting the water content, the PEG gallate amphiphile I provides a simple method to prepare a self-organized composite phase or pegylated water soluble QD micelles for biological applications.
Introduction
Due to their well-controlled nanometer size and their unique luminescent properties 1,2 semiconductor colloidal quantum dots (QD) are of great interest, either as biological markers in vitro 3, 4 and in vivo 5 or as building blocks for nanostructured materials with specific optical properties. 6, 7 Using QD in these two fields of applications usually involves their surface modifications and requires satisfying very different conditions. For biolabeling, the goal is to prepare monodisperse functionalized nanoparticles whereas for nanomaterials, the main effort is to organize nanocrystals into a condensed and ordered state. Unsurprisingly, these almost opposite requirements have led to distinct chemical approaches. On one hand, many chemical methods have been developed to water-solubilize QD for their use as nanoprobes in biological systems. In the familiar case of CdSe/ZnS particles stabilized by a hydrophobic trioctylphosphine oxyde (TOPO) ligand, 8,9 a successful approach is based on the surface-ligand exchange, in which TOPO molecules are replaced with bifunctional molecules, such as cysteines, 10 mercapto alkanoic acids, 11, 12 or oligomeric phosphines. 13 Another fruitful approach consists of encapsulating QD with an amphiphilic monolayer of phospholipids, 3,14 polymers, 5,15-17 or more recently calixarene derivatives, 18 thanks to hydrophobic interactions between TOPO and the hydrophobic part of the amphiphile.
On the other hand, self-assembled molecular systems have been successfully used as templates for the nucleation of nanocrystals and thus for the preparation of well-defined ordered materials. Soft biomaterials, such as bacteriophage viruses presenting strong interaction for ZnS crystal surfaces, have been also successfully employed to prepare multi-length scale ordering of QD hybrid self-supporting structures. 19 ZnS and CdS nanocrystals were nucleated in a lyotropic liquid crystalline medium * To whom correspondence should be addressed. Tel: +33 (0)2 23 (1) Murray, C. B.; Norris, D. J.; Bawendi, M. G. J. Am. Chem. Soc. 1993, 115, 8706-8715. (2) Alivisatos, A. P. Science 1996, 271, 933-937. to make nanocrystal superlattice. 7 However, this method is limited to inorganic nanocrystals for which the conditions of nucleation preserve the organic template.
In the present paper, we demonstrate a simple method based on the solubilization of QD into a lyotropic phase to provide both types of materials (i.e., disperse nanoparticles or nanostructured materials). Our approach is to use an appropriate synthetic amphiphile to prepare self-ordered assembly of QD in water in a wide range of concentration, from a composite QD crystal liquid phase to isolated water-soluble QD micelles. The potential of lyotropic amphiphilic phases to form composite selfassembly of QD has not yet been investigated. Such nanostructured soft-materials can serve for the transport and the controlled release of drugs. For instance lyotropic phases presenting a lamellar or hexagonal DNA/lipidic structure were successfully used in gene therapy. 20, 21 The potential of peptidic self-assembled mesophases have also been demonstrated for drug delivery. 22
Experimental Section
Synthesis of QD. Two types of CdSe/ZnS QD, QD 557 (λ em ) 557 nm in toluene, Ø theoric )3.2 nm) and QD 525 (λ em ) 525 nm in toluene, Ø theoric )2.6 nm), were synthesized via pyrolysis of the organometallic precursors according to the literature. 9,23 Cadmium oxide CdO (0.051 g, Aldrich), trioctylphosphine oxide TOPO (3.77 g, 90% pure, Aldrich), tetradecylphosphonic acid (0.22 g, TDPA, Aldrich), and hexadecylamine (1.93 g, Aldrich) were mixed and heated at 340°C under argon flow during 30 min on a Schlenk line. A selenium stock solution prepared from Selenium (0.116 g, Se, Alfa-Aesar) in trioctylphosphine (6.5 mL, TOP, Aldrich) was rapidly injected in the reaction mixture at 270°C. The reaction was stopped after 5 min for QD 525 and 11 min for QD 557 by cooling the reaction vessel. CdSe QD cores were purified by precipitation in methanol/CHCl 3 . Subsequently, a stock solution of Zn/S/TOP was prepared by mixing TOP (6 mL), diethylzinc in hexane (0.8 mL, Aldrich), and hexamethyldisilathiane (0.216 mL). To prepare the CdSe/ZnS QDs, the Zn/S/TOP stock solution was added to the CdSe QDs solution (at 5.13 mL/h) at 160°C under vigorously stirring. After cooling at room temperature, the concentration of the resulting CdSe/ZnS QDs solution was then estimated from the optical density of the solution at 350 nm. 24 Commercial red QDs, QD 605 (λ em ) 600 nm in toluene, Ø theoric )4.6 nm, Quantum Dots Corporation, U.S.A.), were also used in this study.
Synthesis of Compound I. 3,4,5-Tris(n-dodecan-1-yloxy)benzoyl chloride (G12-COCl) was prepared from the corresponding acid 25 (G12-CO2H, 810 mg, 1.2 mmol) and oxalyl chloride (Aldrich, 5 mL). Poly(ethylene glycol) (PEG, M w ) 1500, Aldrich, 900 mg, 0.6 mmol), (dimethylamino)pyridine (DMAP, Aldrich, 150 mg, 1.23 mmol), and 1-ethyl-3-(3-(dimethylamino)-propyl) carbodiimide (EDC, Aldrich, 230 mg 1.2 mmol) were added and dissolved in 15 mL of dry CH 2 Cl 2 with stirring. The reaction was allowed to proceed at room temperature for 20 h. The mixture was purified by 4 successive chromatographies (silica gel, eluent CH 2 Cl 2 /MeOH 95: 5) to separate the diester (PEG-2G12) (392 mg, 24%) and the monoester I (255 mg, 20% Quantum Dots Solubilization with I. CdSe/ZnS QDs were precipitated from initial TOPO/TOP stock solution with methanol, rinsed with methanol, and dried under vacuum. QDs were then redispersed in a dichloromethane solution of I, with a 1:2000 molar ratio of QD/I. After complete evaporation of dichloromethane, the dry film was hydrated with pure distillated water. After 2 h in a boiling water bath, the resulting solution was turbid and fluorescent under UV irradiation (at 365 nm). The solution was then centrifuged for 30 min at 15000g to remove aggregates and then ultracentrifuged at 100 000g for 30 min with a bed of 50% sucrose. The isolated QD micelles were then passed through a G25 spin column and dialyzed against water to eliminate sucrose. Finally, the solution of QD micelles (QD-I) was filtered through a 0.22 µm Millex GV filter.
Differential Scanning Calorimetry (DSC). The sample was introduced into an aluminum pan and submitted to several cycles of cooling and heating at 5°C/min. Data are obtained from the second or third cycle. The measurements were performed on a PerkinElmer DSC7 instrument.
Small-Angle X-ray Scattering (SAXS). SAXS experiments were performed at the High Brilliance Beam Line (ID2) at European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The undulator X-ray beam (wavelength 0.99 Å) was selected by a channelcut Si(111) crystal and focused by rhodium-coated toroïdal mirror. The beam size defined by the collimated slits was 0.2 mm × 0.2 mm. The detector was an image-intensified charge-coupled device (CCD) camera. The sample-to-detector distance was 3.00 m. Samples were loaded in thin Lindman glass capillaries (diameter 1.0 ( 0.1 mm and thickness 10 µm; GLAS, Muller, Berlin, Germany) sealed with wax. Concerning QD/I samples, QD and I (1:21 000) were solubilized in dichloromethane. After complete evaporation of the solvent, the residue was introduced in capillary and 200 µL of water was added and left to diffuse into the residue. The high flux led us to decrease the acquisition time to 300 ms. All samples exhibited powder diffraction, and the scattering intensities as a function of the radial wave vector were determined by circular integration. 26 Electron Density Reconstruction of the Hexagonal Phase. The electronic density F(r) was reconstructed perpendicularly to the water channel applying the following formula 27,28 on the observed diffraction peaks where F n is the structural factor related to the square root of peak intensity, n is the Bragg reflection order, J 0 is the 0 order of Bessel function, r is the radial distance from the center of the column, and a is the lattice parameter of the hexagonal structure. The electronic density of the identified hexagonal phase was reconstructed with four peaks in the diffraction pattern (n ) 1, 3, 4, and 7). Simple molecular assumptions on the electronic density profiles in the phase 29 allow us to exclude false solutions. These criteria are (1) QD nanocrystals have the highest electronic density, (2) followed by the gallate central group, and (3) the electron density decrease regularly along the alkyl chains up to a minimum corresponding to the terminal methyl.
Dynamic Light Scattering (DLS). DLS measurements were performed at a scattering angle of 90°at 25°C on Zetasizer ZEN3600 (Malvern Instruments, England). All solutions were previously filtered through 0.2 µm Millipore filter (Millex GV, Sigma-Aldrich, France).
Transmission Electron Microscopy (TEM).
A total of 4 µL of the sample was deposited from a dilute solution on a 3-4 nm thick 
film of amorphous carbon supported on a 300 mesh copper grid (Oxford Instruments, G2300C, England), and the solvent was blotted with a filter paper. The grids were observed in a Philips CM 12 at an accelerating voltage of 10 kV. Images were recorded on Kodak S.O 163 film under low dose conditions at 22 000× magnifications and ∼2.3 µm underfocused. The micrographs were digitized at 1200 dpi with the UPRES-A 6026 scanner. The size distributions of the nanocrystal samples were estimated by analyzing the scanned TEM negatives with Imaq vision builder (version 6.1, National Instruments, USA). Optical Properties of QD. Absorbance measurements of QD solution were performed by a Cary 100 UV-visible scan spectrophotometer (Varian, Australia). Fluorescence spectra were measured by LPS Quanta-Master (Photon Technology International, England). Moreover to calculate the quantum yield (QY) of QDs before and after functionalization, spectrally integrated emission of nanocrystals were compared to the emission of rhodamine 6G in ethanol at identical optical density of 0.015, using the formula from literature. 30 Preparation of Giant Unilamellar Vesicles (GUVs). GUVs were obtained with the electric swelling method. 31 GUVs were prepared in a chloroform/methanol mixture 9:1 v/v at 95% egg phosphatidylcholine (EPC, Sigma-Aldrich, France) and 5% N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium chloride (DOTAP, Sigma-Aldrich, France) in molar mass.
Dark Field, Polarized Light Optical, and Fluorescence Microscopy. QD-I in contact with GUVs were observed either by dark field or by epifluorescence on an inverted microscope IX71 (Olympus, Japan) equipped with a 40× objective (Olympus, Japan). QD were excited at 365 nm by a high vacuum mercury lamp. Images were acquired by a camera colorview II, Soft Imaging system (Olympus, Japan). To observe the textures of lyotropic phases of I at 50°C, a droplet of I was putted into contact with pure water.
High-Pressure Liquid Chromatography (HPLC). HPLC, based on size exclusion of QD-I solution, was performed on a Waters HPLC system on a Superdex 200 GL column (10 × 300, 13 µm, Amersham Biosciences, France) using a phosphate buffer saline mobile phase (0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl, pH 7.4) at a flow rate of 0.5 mL/min. Absorbance detections were performed online during the separation.
Results and Discussion
Synthesis and Self-Organization of I. Due to their ability to self-assemble into different highly curved phases, 32-35 we used pegylated gallate amphiphiles to disperse the QD in water. In comparison to phospholipids, 3,14 gallate molecules are easily synthesized, and small changes in their molecular structure strongly affect the morphology of their lyotropic phase. An amphiphile, named I, was designed from an aromatic core (gallate) grafted with three dodecyl chains for inducing a strong hydrophobic interaction with the TOPO ligand of the surface (Scheme 1, a and b). As polar a headgroup, a poly(ethylene glycol) chain (PEG, 1500 in molar mass) was introduced to stabilize functionalized nanocrystals against flocculation under physiological conditions or strong ionic strength 36 and to prevent nonspecific adsorption. 37, 38 The length of the PEG group was chosen to adjust the hydrophilic/hydrophobic balance of the molecule and to avoid the formation of inverted curved phases.
[In the case of a short PEG chain (PEG, 370 in molar mass), an inverted hexagonal phase was observed in which QDs are completely insoluble.] The synthesis of I was carried out first by the trialkylation of the gallic methyl ester followed by its saponification. The obtained acid was then condensed with commercial PEG.
To determine the self-organization of the compound I alone, the temperature of the phase transitions for pure I and for a I/water mixture with a 1:1 mass ratio were determined by DSC (Supporting Information, Table A ). For the pure compound, the transition observed around 40°C was attributed to the fusion of the dodecyl chains. By cooling, a supercooling was observed before the recrystallization of the dodecyl chains at 25°C. In the presence of water, the position of the phase transition was decreased to 10°C either by heating or cooling attributed to the fusion of the chains. To identify the lyotropic phases of I, SAXS experiments were performed at 50°C to avoid the crystalline form. In the presence of pure water, I reveals a rich polymorphism (Figure 1a) . Following the increase in water content, I successively adopts a lamellar phase with a characteristic parameter a ) 82 Å, a cubic phase Ia3d with a ) 269 Å, and finally a direct hexagonal phase with a ) 120-134 Å. Typical textures of lamellar ( Figure 1d ) and hexagonal phases ( Figure 1c) were also observed by optical light polarized microscopy in the contact zone between pure I and water. For higher water content, a broad peak attributed to micelles was observed by SAXS. The presence of the micelles was confirmed by DLS measurements on a solution of I (2.9 × 10 -6 M) which revealed the presence of two populations with a mean hydrodynamic diameter at 102 and 24 nm (Supporting Information, Table B ). When imaged by TEM after phosphotungstic acid staining (Figure 1b) , this solution showed the presence of columnar aggregates that could explain the polydispersity of the population. The phosphotungstic acid stained only the hydrophilic part of the molecule which corresponds to dark areas on the TEM image. The white hydrophobic fibers with a diameter of 7 nm are oriented parallel with an inter distance of 3 nm imposed by the steric hindrance of the PEG chains. This distance (corresponding to 2R g ) is in agreement with the radius of gyration R g of PEG (1500 in molar mass) estimated to be about 1.4 nm according to the literature. 39 Similar fibrous self-assemblies of pegylated lipids have previously been observed. 40 Composite Hexagonal Phase of QD/I. We next tested the incorporation of nanocrystals in the lyotropic phase of I. We used homemade CdSe/ZnS QD, designated as QD 557 (peak emission λ em ) 557 nm in toluene) and QD 525 and synthesized according to the literature, 9,23 as well as commercial QD 605 (λ em ) 605 nm in toluene, Quantum Dot Corporation, U.S.A.). QD/I mixtures were first observed by polarized optical microscopy and fluorescence microscopy at around 50°C. In the presence of QDs, textures of hexagonal phases (conic focal) and lamellar (oily streaks) were observed on pure I in the presence of water as shown respectively in Figure 2 , panels a and c. In the case of the hexagonal phases, the fluorescence appears homogeneously distributed within the textures (Figure 2b ), whereas only fluorescent aggregates are visible in the case of the lamellar phase (Figure 2d ). Interestingly, after the insertion of QD, the hexagonal phase remains stable after cooling at room temperature, preventing the crystalline form of I.
To confirm the insertion of QDs into the hexagonal phase, the structure of pure I and hybrid QD/I self-assembly was analyzed by SAXS. Typical trace of pure I is shown in Figure 2e . The attribution of the different peaks reveals the formation of a direct hexagonal phase with a lattice parameter a equal to 162 Å superposed to the signal of micelles. At the same temperature, a QD/I mixture (molar ratio 1:21000) in the presence of water exhibited a hexagonal phase with a ) 137 Å (Figure 2e ). This parameter is independent of the water concentration, excluding a dilatation of the hydrophilic PEG part with the water concentration ( Supporting Information, Figure A) .
The difference in electronic densities between pure I and the QD/I mixture allowed the localization of QD within the hexagonal phase to be precisely determined. From the diffraction peak intensities represented in Figure 2e , the radial electronic density profile was calculated and represented on a distance equal to a/2. For pure I, the maximum of electronic density located at 30 Å was attributed to the gallate part of the amphiphile (Figure 3a) . For the QD/I mixture, a larger maximum, located at the origin of the hydrophobic core of hexagonal phases, can be attributed to the inorganic nanocrystals (Figure 3b) . Therefore, the distribution in electronic density is in agreement with the inclusion of QD in the hydrophobic core of the hexagonal columns.
In the case of pure I, the broadness of the peak centered around 30 Å indicates a relative disorder in the radial distribution of molecules. In this case, the hexagonal phase parameter is imposed by the molecular area of PEG headgroups, and the alkyls chains are too short to fill up the hydrophobic core of the column creating a so-called frustrated phase. Then, the inclusion of QD within the hydrophobic core compensates this frustration and results in a more ordered phase with a smaller a parameter. These results show that it is possible to form a hybrid inorganic-organic selfassembly of QD/I organized in a hexagonal columnar phase.
Isolated Pegylated Micelles of QD-I. Since the molecule I forms micelles in a diluted regime, the question arises of whether the hybrid hexagonal QD phase can be converted into isolated QD micelles. To evaluate this possibility, the hydration of a dried QD/I (1:2000) mixture was performed under diluted conditions at 60°C. The resulting suspension, initially turbid, was successively ultra-centrifuged (100 000g for 45 min onto a cushion of 50% sucrose), dialyzed against water, and filtrated to produce an optically clear fluorescent solution. Before centrifugation, the size distribution measured by DLS of the micelles presents two peaks (Supporting Information, Table B ). The first one has a hydrodynamic diameter D h equal to nm and corresponds to columnar aggregates already observed by TEM for pure I (Figure 1b) . The second peak, D h ∼ 25 nm, is related to micelles. A similar micellization process was demonstrated in the case of a PEG-phospholipids and QD mixture where QD micelles were obtained by dilution into water. 3 Here the contribution of the micelles in the scattered intensity was increased by the presence of QD, maybe due to an increase in number of scattering objects or a change in refractive index due to the insertion of the QD. Interestingly, D h of encapsulated QD-I appears similar to that observed for micelles of pure I. As previously discussed in the case of QD/I hybrid hexagonal phase (low water content), nanocrystals have probably a stabilizing effect by providing a template for an ordered distribution of amphiphiles, and as a result they facilitate the formation of small micelles. After elimination of the columnar aggregates by ultracentrifugation, DLS measurements yielded value of D h , in the range 20-35 nm (Table 1 ). To further purify the QD-I micelles, functionalized QD-I suspension and a micellar solution of pure I were chromatographied through a size exclusion column using HPLC. QD 605 -I suspension yields two main peaks (revealed by UV absorption at 254 nm) with elution times of 16.1 and 18 min (Figure 4a ). The first one presents a fluorescence emission at 605 nm and corresponds to the isolated QD-I (Figure 4b ). The second one (at 18 min) is attributed to free micelles, as confirmed by comparison of UV spectra to I micelles solution (Figure 4b,  insert) .
All of the samples were imaged by TEM to observe the inorganic (electron-dense) core/shell of QD. As shown in Figure  5a for QD 525 -I, all prepared QD-I micelles appear as isolated. No large aggregates were observed. The inorganic diameter (mean ( SD) of QD 557 -I, QD 525 -I, and QD 605 -I were respectively 3.9 ( 1.6 (sample size ) 603), 3.7 ( 1.5 (sample size ) 838), and 4.5 ( 1.5 nm (sample size ) 958) in agreement with the expected value from their emission wavelength 24 (Figure 5b and Table 1) .
Optical Properties of QD-I. Optical properties of QD-I were analyzed by absorption and fluorescence spectroscopy. The emission spectra of QD, recorded before and after the functionalization, showed a small red-shift (∼5 nm) in the peak emission. This red-shifting effect has already been noticed for peptide coating 10 and has been attributed to the hydrophobic domain of peptide ligand in close contact with QD surface. The full width at half maximum (fwhm) of the emission spectra (30 a dQD corresponds to the inorganic core-shell of the functionalized nanocrystals and was estimated from TEM images. nm for QD 525 and 24 nm for QD 605 ) was not modified, showing that the functionalization process does not alter the size distribution. Finally, we determined the quantum yield (QY) of nonfunctionalized and functionalized QD 525 -I using rhodamine 6G in ethanol as a standard. 30 The QY of TOPO-coated QD 525 in chloroform was 16 ( 4%, very similar to the value of QD 525 /I micelles in water (24 ( 6%). Altogether, these observations show that the fluorescence properties of the QD are preserved after coating by the amphiphilic molecule.
Interactions of QD-I with Lipidic Membranes. To further establish the potential of QD/I micelles as fluorescent biolabels, we tested their nonspecific binding of nanocrystals to lipidic or cell membranes by optical fluorescence microscopy. For this purpose, we prepared giant unilamellar vesicles (GUV) according to the literature 31 and visualized them by dark field optical microscopy ( Figure 6a) . A nanomolar solution of QD 525 -I was incubated for 1 h in the presence of GUV. The fluorescence of QD 525 -I was homogeneously distributed in the solution, and GUV appeared as a black area clearly showing that there is no adsorption of QD onto the lipidic membranes (Figure 6a,b) . As a control, a nanomolar solution of negatively charged QD 525 coated with 11-mercapto undecanoic acid (QD 525 -MUA) was incubated in the presence of positively charged giant vesicles. A strong adsorption of the QDs onto the vesicle membrane was observed by fluorescence microscopy (see Figure B in the Supporting Information). In addition, we checked the interaction of QD 525 -I micelles with cultured Hela cells. After 10-mn incubation of a nanomolar solution of QDs followed by repetitive washing, we did not observe any fluorescent signal, further indicating that the presence of PEG prevents the nonspecific adsorption of QDs onto membranes.
Conclusion
In conclusion, the use of the amphiphile molecule I, presenting a rich polymorphism, enabled the preparation of a composite inorganic-organic QD mesophase in water. A direct hybrid hexagonal phase was obtained by simple hydration of a QD/I mixture. Indeed, polarized optical microscopy and SAXS results have confirmed the inclusion of QD in hydrophobic core of the columnar phase leading to a more ordered phase. Such selfordered mesophase offers the possibility to encapsulate and then transport different types of inorganic nanocrystals. In addition, the morphology of such composite phase can be changed by water concentration and have therefore potential application in the controlled release of functional nanoparticles. By simple dilution in water, this mesophase can be converted into isolated water-soluble QD-I micelles with a diameter of around 25 nm. The presence of PEG at the surface of QD-I micelles efficiently prevents the nonspecific adsorption of QD onto lipidic and cellular membranes. In addition, the pegylated amphiphile I could be chemically modified to introduce a specific targeting recognition group at the polar headgroup. Therefore, the present method offers the possibility to prepare either functional fluorescent nanoprobes or composite mesophase opening the route to the fabrication of new bioactive functional materials.
